Three-dimensional (3D) cell culture is beneficial for physiological studies of tumor cells, due to its potential to deliver a high quantity of cell culture information that is representative of the cancer microenvironment and predictive of drug responses in vivo. Currently, gel-associated or matrix-associated 3D cell culture is comprised of intricate procedures that often result in experimental complexity. Therefore, we developed an innovative anti-cancer drug sensitivity screening technique for 3D cell culture on NanoCulture Plates (NCP) by employing the imaging device BioStation CT. Here, we showed that the human breast cancer cell lines BT474 and T47D form multicellular spheroids on NCP plates and compared their sensitivity to the anti-cancer drugs trastuzumab and paclitaxel using the BioStation CT. The anticancer drugs reduced spheroid migration velocity and suppressed spheroid fusion. In addition, primary cells derived from the human breast cancer tissues B58 and B61 grown on NCP plates also exhibited similar drug sensitivity. These results were in good agreement with the conventional assay method using ATP quantification. We confirmed the antitumor effects of the drugs on cells seeded in 96-well plates using the BioStation CT imaging technique. We expect this method to be useful in research for new antitumor agents and for drug sensitivity tests in individually-tailored cancer treatments.
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T he investigation of human cancers is largely reliant on the use of established cancer cell lines in vitro. Cancer cell lines are generally cultured on flat glass or plastic plates, wherein these cells grow in a two-dimensional (2D) fashion and form monolayer sheets. Monolayer cell cultures insufficiently reflect the physiological response pattern of the in vivo situation due to the fundamental geometric differences between 2D cultures and three-dimensional (3D) solid tumors. When cancer cells are cultured in 2D, they lose their polarity; moreover, the locations of membrane receptors on the cell surface differ from those in vivo, because tissues and organs are 3D in nature.
(1-3) A 3D architecture for tumor cells needs to be generated in vitro to simulate the multicellular microenvironment when investigating tumor cell physiology and the response to therapeutic agents. (4) To eliminate the drawbacks of 2D culture, several methods have recently been developed for 3D cell culture. (5, 6) Multicellular tumor spheroids have been widely used as an in vitro 3D model to evaluate tumor cell proliferation, apoptosis, differentiation, gene expression and metabolism in a multicellular context. (7, 8) Tumor cells in spheroids show higher degrees of morphological (9, 10) and functional (11, 12) differentiation than those of cells grown in monolayer culture. They also differ in their responses to cell signaling-related reagents compared with 2D cultured cell lines. (13) (14) (15) (16) Moreover, definitive differences have been shown with regard to apoptotic sensitivity to chemotherapeutic agents in nonmalignant and malignant mammary cell lines between 2D and 3D cultured cells. (17) To form multicellular clusters, attachment between cells and the tissue culture plate needs to be reduced. This requires either the addition of certain supplements to the culture medium, such as collagen gel, or surface treatment of the tissue culture plate. However, these methods are usually complex and difficult to perform. The NanoCulture Plate (NCP) is a new system devised for 3D culture. (18, 19) The NCP has a fine pattern on the well bottom surface, which provides scaffolding for cells with expanding pseudopodia. Thus, the cells can move and aggregate to form spheroids on the NCP. These spheroids further migrate and fuse to each other during culture. (18) Cell motility, migration and adhesion are key factors in cancer cell biology. (20) (21) (22) (23) Therefore, it is vital to develop a new method to quantify cell migration in a 3D system to help in the screening of anti-cancer drugs. In this study, we analyze the sensitivity of human breast cancer cell lines and primary cells derived from human breast cancer tissue to anticancer drugs using NCP-cultured cells. Furthermore, we propose a novel drug assay method using NCP together with an imaging analysis system. We demonstrate the reproducibility of this imaging method and also compare its cytotoxicity quantification with that using the conventional luminescent ATP assay.
Materials and Methods
Cell line culture and seeding. The human breast cancer cell lines BT474 and T47D were maintained on plastic tissue culture plates in RPMI1640 medium (Sigma ALDRICH, St. Louis, MO, USA) with 10% heat-inactivated FBS. The cells were dissociated from the plastic tissue culture plates (TCP) using Accumax (Innovate Cell Technologies, San Diego, CA, USA), seeded at a density of 1 9 10 4 cells per well in a 96-well NCP (SCIVAX Life Sciences, Kanagawa, Japan) or TCP and cultured in M medium (SCIVAX Life Sciences).
Addition of drugs. The working solutions of trastuzumab or paclitaxel were diluted with M medium to two times concentration for assay. On day 3 after cell seeding, we removed 50% of the medium from the well and added the working solutions of drugs in a volume equal to that removed. The cells were then cultured until further use.
Time-lapse phenotypic assay. Time-lapse images were obtained using a BioStation CT (Nikon, Tokyo, Japan) incubator equipped with a camera for video imaging. For these experiments, cell ⁄ spheroid migration was filmed for 7 days after drug introduction. We analyzed the images using the image analysis software CL-Quant Ver. 2.0 (Nikon). (24, 25) 
Results
The breast cancer cell line BT474 formed uniform spheroids on NanoCulture Plates. Seeding of cells on NCP was performed using the same method for 2D culture on TCP. BT474 is a breast cancer cell line that expresses HER2. (26) When BT474 cells were suspended in medium and seeded on NCP and TCP at the same density, they formed several uniform spheroids after 3 days in NCP wells and formed a monolayer in TCP wells. These spheroids are semispherical in shape with a diameter of approximately 100 lm (Fig. 1a) . Moreover, the growth curve of BT474 cells seeded on NCP resembled that on TCP (Fig. 1b) . The spheroids migrated continuously and fused on the NCP, forming larger spheroids, thus reducing the spheroid number by day 7 (Fig. 1c) .
Drug assay for BT474 cell spheroids on NanoCulture Plates. We added the anti-cancer drug trastuzumab or paclitaxel in various concentrations to the BT474 spheroids on NCP. Based on microscopic observations, we noted that the growth of these spheroids was suppressed after 7 days compared with spheroid growth in non-treated wells (Fig. 2a,b) . We observed many damaged cells scattered around the spheroids in the drug-treated wells. Spheroid size was sensitive to drug concentration, and 1 lg ⁄ mL trastuzumab-treated spheroids were smaller than non-treated spheroids, while the 10 lg ⁄ mL trastuzumab-treated spheroids were even smaller (Fig. 2a) . Dose-dependent effects of paclitaxel on spheroid size were also observed (Fig. 2b) .
We quantified ATP in the samples treated with trastuzumab or paclitaxel. These drugs appeared to act effectively against the BT474 spheroids in a dose-dependent manner (Fig. 2c) ; however, the effect of 0.1 lg ⁄ mL trastuzumab on BT474 spheroids was negligible. The ATP concentration was decreased to 78% with the 1 lg ⁄ mL treatment and to 62% with the 10 lg ⁄ mL treatment, compared with the ATP concentration in the drug-free condition. For paclitaxel, the ATP concentration was decreased to 32% with the 0.06 lg ⁄ mL treatment, to 8% with the 0.6 lg ⁄ mL treatment and to 6% with the 6 lg ⁄ mL treatment, compared with the ATP concentration in the drug-free condition. We showed that the spheroids cultured in NCP could be similarly assayed using an identical ATP quantification method. However, this method requires cell solubilization, and the sample cells are killed and, thus, cannot be used for another assay. Furthermore, changes in the survival rate could not be observed using this method.
Drug assays using BT474 and T47D spheroids on NanoCulture
Plates combined with an imaging analyzer. Migration and fusion of cells ⁄ spheroids were observed on NCP. Spheroid size increased mainly through migration and fusion on NCP (Figs 3a,b [upper panel] and Suppl. Video S1a). In the wells treated with high drug concentrations, spheroid size was smaller than that in the drug-free well (Fig. 2a,b) . We believe that spheroid migration and fusion on NCP are suppressed by the effects of the drug, and that the effect of the drug can be estimated by measuring the number and migration velocity of spheroids in time-series analyses.
We demonstrated the effects of trastuzumab against BT474 spheroids (Fig. 3a,c,d and Suppl. Video 1Sb-d). BT474 spheroids on NCP were observed in the presence and absence of trastuzumab using the BioStation CT. Dose-dependent decreases in the migration velocity and spheroid size were noted ( Fig. 3a and Suppl. Video S1b-d). In wells with or without 0.1 lg ⁄ mL trastuzumab, the spheroids migrated and fused with each other. In wells with 1 or 10 lg ⁄ mL trastuzumab, spheroid migration and fusion were suppressed, and spheroids were smaller than those in untreated wells. The average velocity magnitude of all spheroids in images taken at 1-h intervals during the observation period are shown in Figure 3 (c). The spheroids moved at an average of 5.37 pixels per hour during the observation period in the drug-free well (red line); however, the average movement in the trastuzumab-containing well (blue line) decreased in a dose-dependent manner, with a decrease in velocity clearly observed later during the observation period. These results suggest that spheroid migration was inhibited by trastuzumab at high concentrations. The spheroid numbers over the time course are shown in Figure 3(d) . The number of total spheroids in the images gradually decreased throughout the observation period in the drug-free well. In the trastuzumab-treated well, the decrease in spheroid numbers was suppressed by the 1 and 10 lg ⁄ mL concentrations (Fig. 3d) , suggesting obstruction of spheroid fusion as a result of the trastuzumab-mediated inhibition of spheroid migration, as shown in Figure 3(c) . These results correlate well with the decrease in viability, as noted by ATP quantification (Fig. 2c) .
Next, we demonstrated the effects of paclitaxel on BT474 spheroids (Fig. 3b-d and Suppl. Video S1e-g). An obvious decrease in spheroid migration velocity was seen after the addition of paclitaxel (Fig. 3b and Suppl. Video S1e-g), and less migration and fusion of spheroids were seen in the well containing paclitaxel. The average velocity magnitude per hour of the spheroids in the paclitaxel-containing well during the observation period (blue line) was significantly reduced compared with that in the drug-free well (red line) (Fig. 3c) . The reduction in total spheroid number by fusion was also clearly suppressed by paclitaxel (Fig. 3d) . Spheroid numbers were decreased to 55% in the drug-free well, to 75% in the 0.06 lg ⁄ mL paclitaxel-treated well and to 85% in the 0.6 and 6 lg ⁄ mL paclitaxel-treated wells after 7 days. Contrary to expectations, 0.06 lg ⁄ mL paclitaxel was effective, and the effect of 6 lg ⁄ mL paclitaxel was no greater than that of 0.6 lg ⁄ mL, suggesting little difference between the 0.6 and 6 lg ⁄ mL paclitaxel concentrations.
To confirm the utility of these methods, we performed a drug assay using another breast cancer cell line, T47D, and the BioStation CT (Fig. 4c,d and Suppl. Video S2). T47D expresses low levels of HER2. (26) T47D seeded on NCP formed spheroids resembling those of BT474 cells (Fig. 4a) . T47D spheroids showed a high sensitivity to paclitaxel, but, according to microscopic observation, did not respond to trastuzumab (Fig. 4a) . Moreover, ATP quantification in T47D spheroids also showed high sensitivity to paclitaxel and a low response to trastuzumab (Fig. 4b) , confirming low HER2 expression in T47D spheroids. In the BioStation CT assay, the spheroids moved at an average of 7.19 pixels per hour during the observation period in the drug-free well (red line); however, a 68% reduction in spheroid migration velocity was seen with the addition of paclitaxel (Fig. 4c and Suppl. Video S2c), but only a 6% reduction with trastuzumab ( Fig. 4c and Suppl. Video S2b). The decrease in total spheroid number was clearly suppressed by paclitaxel, but not by trastuzumab (Fig. 4d) . These results show that the effect of anti-cancer drugs against cancer cell lines on NCP could be evaluated effectively using the BioStation CT.
Drug assays using primary cells derived from breast cancer tissues on NanoCulture Plates combined with an imaging analyzer. It was confirmed that several primary tumor cells derived from the liver, lung, pancreas (data not shown) and breast cancer tissues can form spheroids on NCP (Fig. 5a ). Drug assays in such primary cells can be performed using NCP and the BioStation CT. The primary cells B58 and B61 derived from human breast cancer tissues contain large amounts of debris; however, they successfully formed heterogeneous spheroids (Fig. 5a ). Cell immunostaining confirmed that these spheroids express the epithelial cell marker cytokeratin 7 ⁄ 17 (Fig. 5b) . Large amounts of debris in the well interfere with imaging analysis using the BioStation CT. Therefore, we digested the spheroids using collagenase to obtain single cells and passaged them in the new NCP wells to eliminate debris. After the cells reformed spheroids, we added paclitaxel to the wells and initiated the drug assay using the BioStation CT for two samples derived from the human breast cancer tissues B58 and B61 (Fig. 5c,d and Suppl. Video S3). It was difficult to evaluate the suppression of the drug-induced decrease in total spheroid number, because the spheroids did not show complete fusion as observed in the cancer cell lines; however, spheroid migration could be observed (Fig. 5c, white arrow) . Spheroid migration was suppressed by paclitaxel (Fig. 5c) . The average velocity magnitude of the spheroids in images taken at 1-h intervals during the observation period are shown in Figure 5(d) . The average velocity magnitude per hour of the spheroids in paclitaxel-treated wells (blue line) was clearly decreased compared with that in the drug-free well (red line) for each sample. The suppression of migration by paclitaxel was more suppressed in B58 than B61 spheroids (Fig. 5d) . The quantification of ATP in each sample is shown in Figure 5(e) . These results correlate with the decrease in spheroid migration velocity (Fig. 5d) .
On the basis of our results, we consider that the effect of anticancer drugs against primary cells derived from breast cancer tissue could be successfully evaluated using the techniques described here.
Discussion
It is reported that malignant or nonmalignant mammary epithelial cells, as well as other differentiated cell types, lose many aspects of differentiation upon dissociation and culture in 2D on TCP. (27) (28) (29) (30) Recently, 3D tumor models have emerged as valuable in vitro research tools, although the power of such systems as quantitative reporters of tumor growth and treatment response has not been adequately explored.
The conventional methods used for 3D cell culture are complicated. In contrast, the same procedures for seeding and culturing of cells on TCP can be performed as those on TCP commonly used for 2D cell culture. In 3D cell culture methods using a collagen gel or agar, spheroids grow from single cells for approximately 2-3 weeks. (22, 31, 32) However, cell migration and spheroid formation on NCP takes only approximately 3-5 days. (33) It is easy to compare the results obtained from NCP with those from 2D cell cultures. Moreover, sampling errors in NCP-cultured cells are not significant between experiments, because the spheroids formed in NCP are better in shape and size and can be easily observed microscopically. It is possible to measure the location, form and size of spheroids from the obtained images. We demonstrated the effectiveness of an imaging-based approach in the analysis of tumor growth and drug treatment response using an in vitro 3D model of breast carcinoma. In this study, we used NCP and the BioStation CT to demonstrate a novel approach for drug assays in cancer cells. Using this system, we introduced a model of the growth mechanism for adherent cancer cells on NCP based on migration and fusion behavior. The BioStation CT is a time-lapse imaging analyzer. When the TCP are placed in the BioStation CT, plate images can be obtained at a fixed position and at constant intervals. The migration velocity and the number of spheroids derived from the cancer cell lines grown on NCP can, thus, be measured using the BioStation CT. The change in survival rate during the observation period can also be observed using this technique. Furthermore, we can calculate the total spheroid area, and this system can be used to evaluate both cell motility and tumor growth. We cannot perfectly distinguish live from dying spheroids, so there is a limitation in the evaluation of tumor growth through only calculating the total spheroid area. This method is superior to ATP and other proliferation assays for drug screening, because sample cells are killed in those assays and cannot be used for subsequent assays. In addition, the change in survival rate cannot be observed by those methods.
Migration is an important feature of cancer cell drug screening. (21, 23) Compared with other common 3D plates (i.e. ultra low attachment plates, U-bottom plates or the hanging drop system), cells on NCP can migrate and form spheroids rather than aggregate. Drugs, such as docetaxel, are not effective on prostate carcinoma cell (DU145) spheroids in U-bottom plates but are effective on NCP (R. Sakamoto, M Ito, unpublished data). It was shown that spheroid morphology is a vital area for chemotherapeutic drug screening. (34, 35) It is not sufficient to take an image stack and analyze it at a single time point. (31) The imperative feature of the time-lapse phenotypic assay is to analyze cell movement after drug treatment. When we cultured both HER2-positive (BT474) and HER2-negative (T47D) cells on NCP, BT474 spheroid velocity was lower than that of T47D (5.37 vs 7.19) in drug-free wells. Complex chromosome alterations affecting chromosomes 8, 11 and 17 are frequently observed in HER2-positive cell lines. These chromosomes contain genes that are commonly involved in cell migration, invasion and metastasis. Thus, HER2-positive cell lines show structural aberrations in comparison with HER2-negative cells. (13, 36) The Biostation CT allows for the display of minimum sensitivity of cell spheroids in a 3D system.
We believe that drug assays of primary tumor cells derived from human cancer tissue can be performed using this technique. We have confirmed that several primary tumor cells derived from the liver, lung, pancreas and breast cancer tissue can form spheroids on NCP (M. Shimomura, R. Sakamoto, unpublished data). It is possible to estimate the effects of drugs on cells seeded in a single well in a 96-well plate using this technique in combination with the BioStation CT, and we expect that it will be helpful in determining the effect of chemotherapeutic agents on human cancer cells from primary clinical specimens that are often available in very small amounts.
In this paper, we propose an innovative method for conducting drug assays. The effect of antitumor agents can be estimated by measuring the migration velocity of spheroids on NCP in a time-series analysis. We expect this method will be useful in research on new antitumor agents and in drug sensitivity tests for individually tailored cancer treatments.
